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Abstract
The subject of this splitted article is the commissioning of a new application that may be part of a processing machine. At
the example of the intermittent transport of small sized goods, for example, chocolate bars, ideas for increasing the maxi-
mum machine performance are discussed. Therefore, optimal process motion profiles are synthesised with the help of a
computer simulation. In the first part of the paper, the modelling of the process was shown. This second part focusses on
implementing the simulated motion approaches on an experimental test rig, whereby the new motion approach is com-
pared to the conventional approach. Hence, the increasing of the performance can be proven. Eventually, possibilities for
an online process control are observed which are necessary to prevent unstable process conditions.
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Introduction
From the economic point of view, usually a maximum
performance in processing machines is intended. This
maximum is limited by several reasons, for example,
the rising product load, which increases with the oper-
ating speed and may lead to broken goods. For rising
the performance of a processing machine, the consider-
ation of the complex process and machine behaviour
for motion planning is necessary.1–3 Here, the often
applied principle of the intermittent transport of pieced
goods is representatively considered. The aim of this
publication is the validation of potentials for rising the
maximum performance using a new speed-dependent
motion approach which is realised with a modern servo
drive. In Part I4 of the paper, the new motion approach
was presented (see Figure 1) which will be realised and
validated in this article, Part II.
The new approach theoretically enables an enhance-
ment of the maximal reachable performance in contrast
to the conventional motion approach. Due to the
strong operating speed dependencies of the new
approach, appropriate motion profiles have to be used.
For synthesising such profiles, a model was build and
verified. This model was used in an algorithm which
allows the calculation of an operating speed–dependent
optimised set of motion profiles (see Figure 16 in Troll
et al.4).
In this article, the process model is validated and
hence, the new motion approach is implemented and
realised on an experimental rig. Therefore, the model
parameters have to be identified with the help of experi-
ments on the real active unit. This finally leads to prove
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the success of the operating speed–dependent motion
profiles. Eventually, possibilities to observe this process
for the now higher reachable operating speed by the
help of high-speed (HS) cameras and simple photoelec-
tric barriers are presented.
Model validation
After verifying the model in Part I, the model has to be
validated now. Therefore, the real process parameters
have to be identified. The experimental rig is a five-bar
linkage with a motion degree of two (2-DoF, see
Figure 2). It is expedient to identify the model para-
meters at the real active unit. As mentioned in Part I,
the main model parameters that have to be set are the
coefficients of friction and restitution. Therefore, the
same experiments as used in the model verification can
now be considered for real experiments. Furthermore,
the basic parameters, for example, mass and moment
of inertia, have to be determined.
The coefficient of static friction is determined using
the experiment of an inclined plane (see Figure 3). The
product is in rest on the slide surface, while the system
is lifted slowly till the product starts sliding. At this
moment, the corresponding angle a0 is measured by a
digital goniometer. Hence, the coefficient of static fric-
tion mS can be calculated to
mS = tan (a0)= 0:18 ð1Þ
To identify the coefficient of dynamic friction, a
force sensor is used. When the product slides over
the slide surface with a constant relative velocity vrel,
the measured friction force Fmeas is the only force the
engine has to overcome. Therefore, an experimental
setup is used as shown in Figure 4. Thus, it is possible
to determine the friction at the real active unit. Because
the simulation should work for a range of operating
speeds, the experiment is executed for an appropriate
amount of relative velocities. Measuring the friction
forces for different relative velocities leads to the calcu-
lation of the coefficient of dynamic friction mD by
equation (2), where g is the gravitational acceleration
and mproduct is the mass of the product
mD(vrel)=
mproduct  g
Fmeas(vrel)
ð2Þ
The results of these experiments are plotted in
Figure 5. In addition to that, an approximation in form
of a rational function is calculated. Thus, the results
can be used within the simulation. It can be seen that
the coefficient of dynamic friction does not follow a
simple law. Instead, the coefficient rises to a maximum
for vrel = 0:5m=s and then subsides with the relative
velocity. This behaviour is already known and
described in Popov5 and Braun and Peyrard.6 Finally,
the coefficient of restitution en has to be identified,
which represents the impact behaviour between prod-
uct and working tool. During the experiments, the
Figure 1. Comparison of (a) conventional (transport distance
is comb distance) and (b) new (transport distance larger than
comb distance) product handling.
Figure 2. 2-DoF mechanism to realise the intermittent
transport of pieced goods.
Figure 3. Identification of the coefficient of static friction.
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comb hits the resting product with a defined and con-
stant velocity vcol, whereby the product instantly moves
with the velocity vproduct. With the help of a laser dis-
tance sensor, the products position is measured and
afterwards numerically differentiated. Hence, it is pos-
sible to calculate the coefficient of restitution for the
specific collision velocity by equation (3):
en =
vproduct  vcol
vcol
ð3Þ
The results of these experiments are plotted in
Figure 6. In contrast to the models for describing the
coefficient of restitution (see Part I4), the recorded
behaviour differs. Usually, the coefficient of restitution
is constant and hence independent (linear model), or it
subsides with rising collision velocity (Hertzian model).
For the considered active unit, en first rises below
vcol = 0:5m=s and then subsides. This may be reasoned
by additional effects, for example, the influence of fric-
tion or soiling on the slide surface, which have higher
leverages for small velocities. Therefore, a nonlinear
restitution behaviour is considered which can be mod-
elled with a Hertzian-Spring-Dahspot model. Thus, the
parameters of the model introduced in Troll et al.4 are
fitted to the experimental results.
Implementation of speed-dependent
motion profiles
Using the parametrised process model, optimal motion
profiles for the new motion approach can be calculated.
A characteristic of these optimal motion profiles is their
operating speed dependency. The calculated position of
the working tool s and the related velocity v= _s are
depending on the normalised time t= t=T as well as on
the considered operating speed f . Therefore, the ques-
tion is how these special motion profiles can be imple-
mented on an experimental test rig.
As a starting point, the scaling principle is consid-
ered which is applied in mechanical mechanisms, for
example, cam follower mechanisms. Thereby the posi-
tion of the working tool is planned over the normalised
time; hence, the planned motion does not change by
varying the operating speed. Merely the velocity is
scaled linear and the acceleration is scaled quadratically
to the targeted operating speed. In Figure 7, this rela-
tion is shown for the example of the conventional
Figure 4. Experimental setup for measuring the coefficient of dynamic friction.
Figure 5. Results of measuring the coefficient of dynamic friction.
Figure 6. Results of measuring the coefficient of restitution.
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motion approach (see Figure 1(a)). The working tool
executes a rise to dwell motion with a transport distance
of 0.06m. The position setpoint is constant for different
operating speeds, while the velocity changes linear.
With this principle, only one motion is applied on a real
machine which is state of the art for servo drives.
Hence, the aim of the presented project is to implement
a new principle which allows the realisation of multiple
given motions for different operating speeds. Therefore,
as few as possible, optimised motions have to be calcu-
lated and transferred to the servo drive. Following, two
strategies are presented.
Combined scaling and switching principle
For the implementation of this principle, n optimised
motions are assumed for n different operating speeds
fopt, 1\fopt, 2\   \fopt, n. Each optimised motion can
be scaled from their rated operating speed to another
operating speed. To combine multiple optimised
motions, switching speeds fsw have to be defined which
determine the range of validity for every optimised
motion. The most simplest possibility for their defini-
tion is the determination of the switching speed in the
middle of two optimised motions. For a given operat-
ing speed, the optimised motion is used whose rated
operating speed is closest to the target operating speed.
Hence, for n given motion profiles, there are n 1
switching operating speeds that are calculated by
fsw, i=
fopt, i+ fopt, i+ 1
2
ð4Þ
whereby i 2 f1, 2, . . . , n 1g. Defining these switching
operating speeds leads to the calculation of the related
motions as follows
s( f , t)=
sopt, 1(t), fopt, 1 f  fsw, 1
..
.
sopt, n(t), fsw, n1 f  fopt, n
8><
>:
ð5Þ
as well as the related velocities
v( f , t)=
f
fopt, 1
 vopt, 1(t), fopt, 1 f  fsw, 1
..
.
f
fopt, n
 vopt, n(t), fsw, n1 f  fopt, n
8>>><
>>>:
ð6Þ
In Figure 8, two different implementations of this
principle are shown. In the top of the figure, the posi-
tion and the velocity of two optimised motions for 2
and 5Hz (black solid lines) are shown. Therefore, one
switching speed at fsw, 1 = 3:5Hz is assumed. It is obvi-
ous that there is a discontinuity in the characteristic
map because of the speed-dependent optimised
motions. In the bottom of the figure, the same principle
is applied with three given optimised motions, whereby
now two switching speeds are considered. The disconti-
nuities between neighbouring motions are still present,
but smaller than assuming only two optimised motions.
Interpolation principle
Another possibility to combine two or more optimised
motions without any discontinuities is the linear inter-
polation principle introduced in Holowenko et al.7 For
implementation, no switching speeds have to be calcu-
lated, because the aim of this principle is a continuous
trend of the motion profiles. For doing so, first the
coefficient c( f ) has to be calculated for each targeted
operating speed
c( f )=
f  fopt, 1
fopt, 2  fopt, 1 , fopt, 1 f  fopt, 2
..
.
f  fopt, n1
fopt, n  fopt, n1 , fopt, n1 f  fopt, n
8>>><
>>>:
ð7Þ
Second, the position s( f , t) over the normalised time
t can be calculated using equation (8)
Figure 7. Scaling principle applied in mechanical cam follower
mechanisms.
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s( f , t)=
sopt, 1(t)
1
1c( f )
+
sopt, 2(t)
1
c( f )
, fopt, 1 f  fopt, 2
..
.
sopt, n1(t)
1
1c( f )
+
sopt, n(t)
1
c( f )
, fopt, n1 f  fopt, n
8>>><
>>>:
ð8Þ
The velocity specifications are calculated analogously.
In Figure 9, the results of combining a different amount
of optimised motions using the interpolation principle
are shown. It can be seen that there are no discontinuities
in the characteristic map of the position and velocity, so
it is to be expected that using this principle instead of the
scaling and switching principle, the process works better
for the range of observed operating speeds. This has to
be proven by experiments on the test rig which is driven
by a motion control system. This allows the specification
of a different amount of optimised motion profiles and
the combining of these by the two presented principles.
Hence, it is possible to compare the advantages and dis-
advantages of the principles.
Increasing the performance using
speed-dependent motion profiles
The possibilities of increasing the maximum reachable
machine performance using the new motion approach
can now be evaluated. First, the conventional motion
approach is applied and used as a reference. This
allows estimation about the success of the new motion
approach. Second, the new motion approach is
observed, whereby the two different principles of realis-
ing operating speed–dependent motions are used and
the related results are discussed. To compare the differ-
ent approaches and principles, an objective criterion
has to be defined. Therefore, the product’s final posi-
tioning error is used which is the distance between the
intended (in contact with the comb) and the real posi-
tion of the product at the end of the transport phase.
To realise a stable process, an error of less than 0.5mm
is required (tolerable error).
Conventional motion approach
The conventional principle of transporting pieced
goods (cf. Figure 1) is applied with a rise to dwell
motion of the comb. This motion is planned with a
quintic function trajectory and realised with the scaling
principle (see Figure 7). The measured results of the
product’s final positioning error over the operating
speed are plotted in Figure 10.
During operating speeds lower than 1.3Hz, the
comb is always in contact with the product and thus, it
is positioned exactly. With increasing the operating
speed above 1.3Hz, the positioning error exceeds the
tolerable error. Hence, this leads to the maximum
reachable performance for this motion approach,
because such deviations can induce process instabilities
during the return stroke of the working tool. Thus, this
Figure 8. Scaling and switching principle for two (top) and three (bottom) given optimised motion profiles (black lines).
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motion approach has a principal and physically rea-
soned border for rising the machine performance.
New motion approach
Now the operating speed–dependent new motion
approach is considered, whereby the motion specifica-
tions are calculated with the help of the validated pro-
cess model. Using the new optimised motions, both
principles of applying speed-dependent motion profiles
are considered, whereby the same optimised motion
profiles are used for the different principles. For the
sake of simplicity, the optimised motion profiles are
calculated for equidistant operating speeds, namely 2,
3.5, and 5Hz.
In Figure 11, the resulting positioning errors are
plotted for the scaling and switching control approach.
First, two optimal motion profiles are considered (solid
black line). For low operating speeds, the process is
quiet inaccurate. The reason for this is that the
Figure 9. Interpolation principle for two (top) and three (bottom) given optimised motion profiles (black lines).
Figure 10. Experimental results for the conventional motion approach.
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product’s velocity after detaching the comb’s first tine
is not high enough to reach the comb’s second tine.
Thus, the positioning error decreases till it attains a mini-
mum at the optimal operating speed of 2Hz. Scaling this
motion profile to higher operating speeds, the positioning
error rises again, while it reaches it maximum of 10mm
at a speed of 3Hz. Increasing the operating speed the
error reaches a new minimum for the optimised operat-
ing speed of 5Hz, but the range around the minimum is
much wider than it is for the 2Hz motion.
Second, another optimised motion profile for an
operating speed of 3.5Hz is additionally considered.
Hence, the maximum positioning error between operat-
ing speeds of 2 and 5Hz decreases from 10 down to
3mm (see Figure 11, dashed grey graph). Thus, two
conclusions can be named because of these experimen-
tal results: First, it is proven that the maximum operat-
ing speed which leads to a maximum performance can
be rised from 1.3Hz (conventional approach) to 5Hz
by 285% with the help of the new motion approach.
Second, the new principle seems to be limited concern-
ing a lower realisable performance. This is reasoned by
the required detachment of the product which is com-
pulsory necessary but only occurs for higher operating
speeds. Therefore, in the following, the process is only
investigated for operating speeds between 2 and 5Hz.
For implementing this new motion approach on a
processing machine, for example, for running up the
machine, the final maximum positioning error has to
be less than the tolerable error for the named spectrum
of targeted operating speeds. As shown in Figure 11,
three optimised motion profiles are not enough to fulfil
this requirement using the scaling and switching princi-
ple. In Holowenko et al.,7 using continuous processing
with linear interpolation between two motion profiles
could lower the positioning error significantly. This will
be verified on the presented example.
In Figure 12, the product’s final positioning error and
the related standard deviations are shown for applying
the interpolation principle displayed in Figure 9. Both
graphs of the product’s final positioning error show a
significant range of maximum values for lower operating
speeds, where using two applied optimised motion pro-
files (solid black line) results in higher positioning errors
than three applied optimised motion profiles (dashed
grey line). Furthermore, it is obvious that for higher
operating speeds, the measured positioning errors are
very small, independently from the amount of used opti-
mised motion profiles.
On one hand, as expected in Holowenko et al.,7 the
positioning error could be reduced significantly for two
applied motion profiles from 10 to 0.85mm by 92%
only using linear interpolation instead of scaling.
Nevertheless, with this result, the maximum position
error is still above the tolerable error. Hence, two
motion profiles and a linear interpolation in between
are not suitable for the new process. For three applied
optimised motion profiles, the maximum positioning
error could be reduced from 3 to 0.45mm by 85%.
Thus, three optimised motion profiles in association
with a linear interpolation are necessary to realise the
new motion approach on the given processing machine.
On the other hand, the trends of the experimental
results shown in Figure 12 are unexpected regarding
the trend of the product’s positioning error. At first
sight, a rising of the positioning error with the operat-
ing speed would be expected, because of the rising
dynamic of the process. Thus, an attempted
Figure 11. Experimental results for different amounts of scaled motion profiles for the new motion approach.
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explanation is presented: the fundament of this expla-
nation is the consideration of the kinetic energy condi-
tions of the product during the transport phase (see
Figure 13(a)). The product has a maximum value of
velocity at t1 and thus a maximum of kinetic energy of
Etotal. This energy decreases during the free sliding
phase because of the friction by an amount of Efric. The
product’s remaining kinetic energy is converted to the
comb’s deceleration energy Edec. Starting from this
observation, the ratios of the friction energy to the
total energy and the deceleration energy to the total
energy can be plotted for different operating speeds
(Figure 13(b)). The amount of friction energy decreases
with the operating speed. Hence, the influence of the
friction error resulting from the motion profile interpo-
lation subsides with the operating speed. Meanwhile,
the comb’s deceleration influence ascends. The more
energy of the product is specifically converted to the
comb, the more stable the deceleration phase is.
Therefore, the product’s final positioning error subsides
with the operating speed which has a main influence for
rising the maximal machine performance.
Another aspect that has to be considered is the non-
constant restitution behaviour of the contact. With ris-
ing contact velocity, the coefficient of restitution
decreases and thus, the influence of the impact to the
resulting positioning error subsides. However, it must
be said that this relationship has probably less influence
than the discussed one of the friction.
Finally, it is examined whether this operating speed–
dependent behaviour can also be simulated using the
process model. Therefore, the same interpolation prin-
ciple as well as the same optimised motion profiles used
Figure 12. Experimental results for different amounts of interpolated motion profiles for the motion approach.
Figure 13. Observation of product’s energy conditions during
transport phase.
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in Figure 12 are applied. The results are shown in
Figure 14. Basically, the trends of the graphs are simi-
lar to the experimental results. Like in the experimental
investigation above, three optimised motion profiles as
interpolation base are necessary to undercut the maxi-
mum tolerable product’s final positioning error.
However, two differences occur. First, the absolute
values of the simulated results are lower than the experi-
mental observed results. Second, the operating speed at
which the positioning error decreases for two given
motion profiles is higher than experimentally measured.
Following, the reasons for these deviations are discussed.
The trend of the decreasing final positioning error
for higher operating speeds corresponds with the given
energetic explanation. But in difference to the experi-
mental results, the simulated error is exactly zero. This
behaviour results out of the fact that the measured
model parameters are always related with deviations
which are not considered in the simulation, but occur in
reality. Thus, small positioning errors can appear dur-
ing the experiments, because the real parameters of the
active unit vary in a small range, whereby the optimised
motion profiles are calculated for specific values of the
parameters. This may also be the reason for the overall
lower values of the positioning errors in comparison to
the experimental results. Another difference that stands
out is the operating speed at which the graph of the two
given motion profiles subsides. This may be reasoned
by the incompleteness of the used contact model which
was only fitted to the measured coefficient of restitution
which is also related with deviations in reality but not
in the model.
Despite the discussed deficiencies of the model, the
simulation results show a good accordance regarding
the main effects of the process behaviour. It can be said
that the process model accuracy is sufficient to calcu-
late optimal motion profiles for different operating
speeds. In addition to that both the experimental and
the simulated results concerning the product’s final
positioning errors coincide about the necessary amount
of given motion profiles. Thus, a provably higher maxi-
mal performance can be realised with this new motion
approach in association with a modern servo control.
Because of the parameter deviations, small positioning
errors may occur during the process. Therefore, some
possibilities for an expedient online process control are
presented.
Online process control
If the process is not parametrised well or the starting
position of the product is not as accurate as required,
the product may be placed incorrectly after the trans-
port phase. This effect is illustrated in Figure 15. In this
figure, the product positions in the stable case are
marked with dashed lines. The first column shows the
end of the transport phase and hence the starting posi-
tion of the return stroke. In case of the stable process,
in this position, both tines are in contact with the prod-
uct. As can be seen in ﬃ, the rear tine is not in contact
to the product. Columns B to E show the beginning of
the return stroke where in the stable case the comb is
not touching the product. In the shown instable case,
the left rear tine touches the product in ﬄ, followed by
an unexpected product motion (D, E). If in this situa-
tion the comb’s return stroke would be finished in the
regular way, the comb and the product would collide.
To avoid this situation, a collision avoidance system is
needed which not only monitors the comb’s, but also
the product’s motion.
Figure 14. Simulated results for different amounts of interpolated motion profiles for the new motion approach.
Troll et al. 9
The main functionality of the collision avoidance
system is to check whether the product reaches a
desired position on a given trigger time. Three key
requirements are given for the system. First, position
and trigger time have to be configurable. Second, the
measurement has to be without contact to the product
to avoid instability of the process. Finally, the measure-
ment has to be real time capable to ensure a fast enough
reaction in case of a pending collision.
The allowed reaction time in case of a collision
depends on the desired operating speed and the para-
meterisation of the stopping ramp. In any case, the
comb needs to be stopped within its return stroke
before touching the product. Considering 5Hz as a
maximum operating speed, one cycle of the comb is
done within 200ms and the return stroke takes about
120ms. If the comb should stop from full speed, a max-
imum stopping time has to be defined. The assumption
that the emergency stopping profile is faster than a reg-
ular motion profile leads to a maximum allowed stop-
ping time of 60ms. The reaction time of the control
system has to be less than the remaining 60ms, so fol-
lowing a limit of 30ms is intended.
Different sensor types are available which fulfil the
requirements of a contactless measurement, for exam-
ple, laser-, ultrasonic- or inductive-working sensors or
imaging techniques. Following some examples are dis-
cussed concerning their versatility for the considered
problem.
As an example of imaging techniques HS cameras
are discussed. The use of such techniques is well known
in processing machines.8,9 On one hand, these systems
are flexible in use for different types of measurements,
so they are often used in analysing processing machines.
On the other hand, HS cameras are very expensive
compared to other types of sensors and for getting satis-
fying results, the operator has to consider multiple
requirements of the system. Using a HS camera system
is suitable if an existing machine has to be commis-
sioned to a new process without adding sensors. While
measuring a process, a camera has to be located next to
the process, looking at the product from a save posi-
tion. The required product position can be investigated
by analysing the pictures in special evaluation
software.10,11
Camera measurement assembly used for demonstra-
tion in this work is illustrated in Figure 16. The
machine control introduced in Großmann et al.12,13 is
connected via EtherCAT to an image processing sys-
tem, consisting of a HS camera and an evaluation soft-
ware. The function of the collision detection software is
the execution of a command like ‘test for collision on
position X’, or another query. The required test posi-
tions are represented by target positions in the picture
(see Figure 16, target). If the distance between the
product in the actual picture and the predefined target
is too large, a pending collision has been detected; oth-
erwise, no collision should occur. This collision state is
returned to the machine control that reacts in case of a
forthcoming collision with a fault reaction. The interac-
tions of the machine control and the image processing
system have been investigated, especially under the
focus of real-time capability. It has been shown that a
maximum reaction time of 2.5ms can be guaranteed.
Thus, this type of collision control system fits the
requirements. In further works, the implementation of
the software could be optimised to lower the reaction
time. As mentioned HS cameras provide a big flexibil-
ity, but if this is not the main target, other cheaper
Figure 15. Instable process resulting from wrong product positioning (1) and unexpected product–gripper–contact (2).
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sensor types can be used. Following, an appropriate
alternative is presented.
Another possibility to apply an online process con-
trol is the use of stationary and firmly installed sensors,
for example, photoelectric barriers. In this case, four
sensors are installed to observe four products which are
transported at the same time (see Figure 17). With the
help of the sensor, the control can check whether a
product is at the expected position at a specific time.
The signal evaluation takes place with the control fre-
quency of 8 kHz. Thus, a misplaced product is detected
after a time of 0.125ms. If such a signal is detected, an
emergency stop is induced, so a collision of the comb
with the product is prevented. Hence, similar results as
with a HS camera can be achieved.
In contrast to the HS camera, the photoelectric sen-
sors are much cheaper, have a higher reliability, and
are easy to maintain. The main disadvantage in using
photoelectric sensors is the fact that only the product
monitoring time is programmable (first key require-
ment). If the product’s dimensions change, the sensors
have to be adjusted again which is associated with addi-
tional non-production time.
Summary
In this splitted paper, a new method for increasing the
maximum performance of a processing machine was
discussed. At the example of the intermittent transport
of pieced goods, it has been shown that by changing the
motion approach, the performance can be rised signifi-
cantly. For realising this, a process model has been
build and verified, described in Part I of the paper. It
was shown that with the help of the process model,
motion profiles could be calculated for the new motion
approach. In Part II, the process model was validated
at the real active unit so a computer simulation of the
process became possible. The novelty of the new motion
approach is the operating speed dependency. That
means that for each targeted operating speed, another
motion profile is optimal for the process. Different opti-
mised motion profiles were calculated for different
operating speeds using the validated process model.
The success of these optimised motion profiles were
tested on an experimental test rig. As a reference, the
conventional motion approach was also applied,
whereby the maximum reachable performance was
determined for an operating speed of 1.3Hz. In the
next step, two different principles for combining multi-
ple optimised motion profiles with the servo control
were tested. Hence, the maximum reachable perfor-
mance was determined for an operating speed of 5Hz,
whereby the performance of the machine was increased
by 285%. These results were also evaluated by simula-
tions with the process model. Eventually, different
opportunities for realising an online control were
shown to monitor and evaluate the process. This helps
to prevent unstable conditions of the process but also
leads to possibilities for the online adapting of the
motion profiles. This could be necessary if the process
parameters change during execution. In future works,
the investigations presented here are transferred to
other process classes applied in processing machines,
including the implementation of the optimised motion
profiles.
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